Post-transcriptional regulation (PTR) of gene expression is a powerful determinant of protein 25 levels and cellular phenotypes. The 5' and 3' untranslated regions of the mRNA (UTRs) mediate 26 this role through sequence and secondary structure elements bound by RNA-binding proteins 27 (RBPs) and noncoding RNAs. While functional regions in the 3'UTRs have been extensively 28 studied, the 5'UTRs are still relatively uncharacterized. To fill this gap, here we used a 29 computational approach based on phylogenetic conservation to identify hyper-conserved 30 elements in human 5'UTRs (5'HCEs). Our assumption, supported by the recovery of functionally 31 characterized elements, was that 5'HCEs would represent evolutionarily stable and hence 32 important PTR sites. 33
conserved elements (5'HCEs) lengths, highlighting a striking majority of these to be shorter than 147 100 nucleotides. B) displays the density of AU and GC nucleotides frequencies in 5' HCEs, 148 indicating that no significant bias in the composition can be observed. C) shows the distance 149 between HCEs on 5'UTRs carrying more than one of these elements. There is a tendency for 150 HCEs to be "clustered", i.e. in proximity to one another. D) displays the density of relative HCE 151 start positions on 5'UTRs (0 = UTR start, 1 = UTR end). HCEs are evenly distributed with the 152 exception of an increased density in the first 10% of the UTR (representing less than 25% of all 153
HCEs). E) shows the distribution of 5'HCEs by functional gene categories (left) and the 154 abundance of homeotic families in HCE-containing homeobox genes (right). Numbers next to 155 each category/family show the related number of genes. 156 157 We then sought to understand whether the identified 5'HCEs are representative of functional 158 regions in the 5'UTRs. We thus searched in the AURA2 database (Dassi et al. 2014) for several 159 5'UTR cis-elements and RBP binding sites that were previously characterized and are known to 160 be highly conserved. In particular, as shown in Supplementary Figure 1 , we first considered 161 two conserved iron response elements (IREs) (Gray et al. 1996; Hentze et al. 1987) in ferritin 162 (FTL, S1A) and aconitase 2 (ACO2, S1B) mRNAs. In both cases, an HCE is identified in that 163 5'UTR and contains the IRE. We then considered two conserved binding sites for the LARP6 164 RBP, on collagen alpha type 1 (COL1A1, S1C) (Cai et al. 2010 ) and ornithine decarboxylase 1 165 (ODC1, S1D) (Manzella and Blackshear 1992) mRNA. While for COL1A1 the identified HCE 166 completely contains the LARP6 binding site, in the case of ODC1 the overlap is only partial but 167 still present. Furthermore, 5'HCEs do not overlap with uORFs (Wethmar 2014) or IRESs 168 (Yamamoto et al. 2017 ). Globally, these observations show that our HCE detection algorithm 169 can identify functionally relevant phylogenetic footprints in 5'UTRs. Furthermore, it suggests 170 5'HCEs to be potential binding sites for RBPs. 171 172 Homeotic genes are enriched in 5'HCEs 173
We then annotated groups of functionally related genes among the 2228 containing one or more 174 5'HCEs. To do so, we performed a functional enrichment of genes, pathways and protein 175 domain ontologies using DAVID (Huang et al. 2007 ). The results we obtained, as shown in 176 Figure 1E and Supplementary Table 2 , revealed the presence of three functional themes endowed with high significance. The first theme, the homeobox, involves 52 genes representing 178 several families of these essential transcription factors (Ladam and Sagerström 2014) . 179
Homeobox genes are responsible for developmental patterns (Gehring 2012; Philippidou and 180 Dasen 2013; Zagozewski et al. 2014 ) and are highly conserved throughout vertebrates, from the 181 fruit fly to human (Holland 2013) . A second, functionally broader theme, regroups 95 genes 182 implicated in neuronal differentiation, some of which are also part of the previous theme. The 183 last theme is made up of 203 protein kinases. These include various kinase types (Ser/Thr, Tyr, 184 and others) affecting several signaling pathways (such as MAPK, NFKB, and others, as shown 185 in Figure 1E ). Given the importance of homeotic genes in development and their high functional 186 coherence, we decided to focus our attention on this theme. We reasoned that these features 187 could allow us to trace a meaningful homeobox PTR network and investigate the related 188 regulatory mechanisms. 189
Among these 52 genes, whose 5'UTRs contain 94 HCEs, we can find members of all four Hox 190 clusters (eight HOXA, five HOXB, six HOXC and one HOXD genes). Other families are also 191 included, such as NKX and POU (four genes each), MEIS and DLX (two genes each). All these 192 proteins contain a homeobox domain and control developmental processes. Nevertheless, 193 specific functions such as pattern specification (25 genes), cell motion (10 genes) and neuronal 194 differentiation (20 genes) involve only a subset of these 52 genes. Homeobox 5'HCEs have a 195 median length of 28 nucleotides (ranging from 5 to 423 nucleotides). They are often clustered, 196 as 48/63 non-isolated HCEs are within 20 nucleotides of one another. Supplementary Table 3  197 and 4 present the complete list of genes composing this theme and their functional annotation. 198 199
Homeotic 5'HCEs contain an RBMX-binding signature 200
We thus asked ourselves whether this set of homeotic genes could be controlled by a common 201 regulatory mechanism through binding sites within their 5'HCEs. To identify such mechanism 202 we first performed an integrative motif search with DynaMIT (Dassi and Quattrone 2016), 203 combining a sequence search (using Weeder (Pavesi et al. 2004 )) with an RNA secondary 204 structure search (using RNAforester (Höchsmann et al. 2003) ). Integration of the motifs 205 identified by the two tools was done by clustering motifs co-occurring on the same sequences. 206
Among the results, the best cluster included both sequence and secondary structure motifs 207 shared by most homeotic 5'HCEs. The resulting motif, as shown in Figure 2A , is short, 208 unstructured, and C-rich. Breaking down the consensus by its composing motifs reveals CGAC 209 as shared by sequence search motifs of all length and CCAG as secondary structure search 210
consensus. 211
Given this motif indication, we then proceeded by trying to understand which trans-factor may 212 be binding it in order to exert a regulatory function on these homeotic genes. To this goal, we 213 performed a search on known RBP binding motifs using the CISBP-RNA database (Ray et al. 214 2013). The results highlighted a protein, RBMX, having a binding consensus strikingly similar to 215 the motifs found in these 5'HCEs (similarity score 93.5% and Pearson correlation 0.73). Its 216 known consensus, derived by a SELEX experiment (Heinrich et al. 2009 ) is shown as a 217 weblogo in the inset of Figure 2A . 218
To systematically map potential RBMX binding sites on homeotic genes 5'HCEs, we thus 219 performed a pattern match analysis with the RBMX binding motif. The results, displayed in 220 Figure 2B , show potential RBMX binding sites distributed throughout the homeotic genes 221 5'UTRs. These sites appear to be preferentially located in the proximity of each other (median 222 17 nts, average 41). Such sites distribution hints to a potential for homomultimeric RNA binding 223 as previously observed for RBMX (Heinrich et al. 2009 ). 224 assumption, we first sought to confirm that RBMX is binding to homeotic mRNAs. We performed 240 an RNA immunoprecipitation (RIP) assay followed by targeted RNA-sequencing in HEK293 241 cells, thus probing RBMX binding strength on the mRNAs of 50 genes. These included our 38 242 "core" homeotic genes, RBMX, two controls and additional members of families represented in 243 the core genes. We computed the fold enrichment for each gene as the ratio between the 244 normalized abundance in the RIP and the corresponding input samples. As shown in Figure  245 3A, we found 29/38 (76%) core homeotic genes to be enriched at least twofold in at least two of 246 the three replicates (23/38 if using a fold enrichment threshold of four). Members of all four HOX 247 clusters and other families such as NKX and POU were enriched. If considering all the 50 tested 248 genes, 40 (80%) are enriched at least twofold in at least two replicates (32/50 if using a fold 249 enrichment threshold of four). Among these, we find a known target of RBMX (Heinrich et al. 250 2009), FYN, which we used as positive control (2/3 replicates, average fold enrichment of 5.45). 251
Our negative control, HNRNPM, is instead not enriched in any replicate (average fold 252 enrichment of 1.43), as shown in Figure 3B . Remarkably, RBMX also binds to its cognate 253 mRNA (all replicates, median fold enrichment 8.11), a frequent feature of RBPs (Dassi 2017) . 254
The list of bound genes can be found in Supplementary Table 5 . Globally, this assay suggests 255 that RBMX is indeed binding to a wide set of homeotic genes mRNAs. Thus, this RBP likely 
RBMX controls homeotic genes mRNAs by post-transcriptional mechanisms 281
Given that RBMX binds to the mRNA of most homeotic genes containing a 5'HCE, we 282 eventually sought to understand the impact this RBP has on their expression. To do so, we first 283 used siRNAs to knock-down RBMX in HEK293 cells, reducing its protein level by 78% ( Figure  284 3C, t-test p-value=0.00214). We thus performed a translatome profiling followed by targeted 285 RNA-sequencing of total and polysomal fractions for the 50 genes which we previously tested 286 by RNA immunoprecipitation. By this preliminary analysis, we identified 16 genes which were 287 significantly upregulated at the polysomal level when silencing RBMX (log2 fold change >=1 and 288 adjusted p-value <=0.1). Of these, 12 were part of the core homeotic genes and included 289 members of all four HOX clusters, the DLX and POU families. However, replicates of samples at 290 the total level were quite variable (average Spearman correlation=0.83). Furthermore, this 291 assay does not allow to detect alternative splicing events, which can also be modulated by 292 RBMX (Heinrich et al. 2009; Wang et al. 2011) . So, to expand this analysis, we reanalyzed a 293 recently published whole-transcriptome RNA-sequencing of HEK293 cells at the total level after 294 RBMX knock-down (Liu et al. 2017 ). Eventually, we completed this dataset by overexpressing 295 RBMX via a HIS-HA-tagged construct (Figure 3D ) in the same cell type. These cells were then 296 subjected to translatome profiling followed by whole-transcriptome RNA-sequencing of the total 297 and polysomal fractions. Both datasets were analyzed to find differentially expressed genes 298 (DEGs) and differential exon usage (DEU) events ( Figure 3E ). DEGs were mostly in the knock-299 down (23/50 genes, 6 up-and 7 down-regulated), with only 3/50 genes in overexpressed 300 samples (two up-and one down-regulated, 2 DEGs at both the total and polysomal level, 301 adjusted p-value <= 0.05). DEU events were more evenly distributed, with 10/50 genes affected 302 in the overexpressed (all upregulated exons, 6 at both the total and polysomal level) and 14/50 303 in the knock-down (4 up-, 3 down-regulated and 7 with both up-and down-regulated exons, 304 adjusted p-value <= 0.05). Eventually, we intersected all the datasets, also including the RIP 305 data to identify a consistently controlled set of homeotic genes. As shown in Figure 3F , 38/50 306 genes (76%) are controlled by RBMX, via alternative splicing or differential expression at the 307 total and polysomal level. Of these, 31 (62%) were also identified as bound by RBMX in the RIP 308 assay. Of the 38 core homeotic genes, 28 are modulated (73%), 22 of which (58%) were also 309 identified as bound by RBMX. Modulated genes in the core set include genes from all four HOX 310 clusters, the DLX, NKX2 and POU family. Lists of modulated genes for each dataset can be 311 found in Supplementary Table 6 The data we presented further confirm these findings. Furthermore, a few events (1 DEG and 4 318 DEUs) were observed at the polysomal level only, suggesting the possibility that RBMX may 319 also act as a translational regulator. To verify this possibility, we thus checked whether RBMX is 320 located in polysomes. We performed a polysomal profiling assay, followed by a fraction-by-321 fraction western blot against RBMX and RPL26, a component of the ribosome. As shown in Figure 4A , cytoplasmic RBMX is predominantly found in the polysomal fractions, with no 323 apparent increase in abundance in heavy polysomes with respect to lighter ones. 324
Eventually, we reasoned that observing RBMX associated with translation factors and ribosomal 325 proteins would further suggest it to be a translational regulator. To verify this possibility, we thus 326 analyzed known protein-protein interactions (PPIs) of RBMX. We collected experimentally 327 In this work, we used a computational approach to extract phylogenetically hyper-conserved 372 elements from the 5'UTR of human messenger RNAs (5'HCEs). We thus expanded the known 373 catalog of regulatory mechanisms mediating the role of these regions in determining cell 374 phenotypes. While much attention has been devoted to mapping functional elements in the 375 3'UTR, its 5' counterpart is still relatively uncharacterized. Our approach focused on extracting 376 the most highly conserved regions, under the assumption that these would be evolutionary 377 stable PTR sites of utmost importance. 378
The 5248 5'HCEs we identified are short regions occurring in around 10% of protein-coding 379 genes, most often localized in proximity to one another. Given their prevalently clustered nature, were downloaded from UCSC for the hg18 genome assembly (Tyner et al. 2017 ). Branch length 433 score (BLS) was computed for each UTR as described in (Dassi et al. 2013) , and composed at equal weight with SCS to derive the hyper-conservation score (HCS). Then, a sliding-window 435 algorithm, starting with fully conserved 5-nucleotides seeds (HCS = 1.0) and expanding them 436 upstream and downstream until a minimum score threshold of 0.85 is reached, was applied to 437 the 5'UTRs, as described in (Dassi et al. 2013 2004) for sequence motifs (lengths 6, 8, 10 and 12 nts with 1, 2, 3 and 4 mismatches allowed 447 resp.; at least 25% of the sequences containing the motif) and RNAforester (Höchsmann et al. 448 2003) for secondary structure motifs (multiple alignment and local search modes). The selected 449 motif integration strategy was "co-occurrence", which computes the co-occurrence score 450 between motifs pairs as the Jaccard similarity of the mutual presence of both motifs on each 451 sequence. This measure thus allows finding motifs which co-regulate the same sequences set. 452
The best motif from DynaMIT result was selected, and only positions with at least ten supporting 453 sequences were kept. This resulted in trimming the 5' and 3' ends of the integrated motif. These 454 trimmed ends represented lowly-supported, more "peripheral" individual motifs with respect to 455 the core part consistently shared by multiple motifs. 
RBMX knock-down and overexpression 470
We performed RBMX knock-down as described in (Matsunaga et al. 2012 ). Briefly, we used 471 
